I n t r o d u c t i o n . -The aim o f the f o l l o w i n g i n v e s t ig a t i o n i s t o d e r i v e r u l e s and equations t h a t are as general as possible but, a t the same time, s p e c i f i c enough t o serve as a q u a n t i t a t i v e basis f o r the ana-
compiling the subset i n a c o n s i s t e n t way are r a t h e r s t r a i g h t f o r w a r d as w i l l be shown i n one s p e c i f i c example.
R e s t r i c t i o n s and t h e o r e t i c a l basis.-For t h e sake o f s i m p l i c i t y we have t o impose a few r e s t r i c t i o n s
on our a n a l y s i s :
Thus we s h a l l o n l y discuss the recombination a f t e r "weak" e x c i t a t i o n . As a r u l e "weak" e x c i t a t i o n means t h a t t h e response o f the system i s l i n e a r i n the e x c i t a t i o n r a t e i -e . , the l i g h t i n t e n ' s i t y o r t h e r a t e o f i n j e c t i o n and so f o r t h . A somewhat more spec i f i c requirement w i l l t u r n up l a t e r on. I n general an e l e c t r o n t h a t recombines w i t h a hole goes through a sequence o f t r a n s i t i o n s , c a l l e d a recombination path. The elementary step i n recombination i s the t r a n s i t i o n between two l e v e l s i n such a path. I t may be assumed w i t h o u t any l o s s o f g e n e r a l i t y t h a t the eigenfunctions o f such a p a i r are l o c a l i z e d a t the same d i s l o c a t i o n and, i f the d i s l o c a t i o n i s dissociated, even a t the same p a r t i a l because otherwise t h e r e i s no overlap and the t r a n s i t i o n i s so slow t h a t t h e corresponding path would be blocked. As a consequence t h e separation o f t h e two l e v e l s i s n o t changed v i a t h e e l e c t r o s t a t i c i n t e r a c t i o n o f excess e l e c t r o n s o r holes t h a t are trapped a t the same d i sl o c a t i o n , although t h i s i n t e r a c t i o n s h i f t s a l l stat e s ( b u t by t h e same amount!) w i t h respect t o the unperturbed edges o f the valence and the conduction band which may serve as reference energies.
It i s g e n e r a l l y accepted now t h a t the dislocat i o n s t a t e s form one dimensional bands. The important consequence f o r recombination problems i s that, as a r u l e , t h e exchange o f electrons between s t a t e s i n the same d i s l o c a t i o n band i s so r a p i d compared w i t h inter-.
band t r a n s i t i o n s t h a t they are alwavs i n thermal e q u i l i b r i u m and the d i s t r i b u t i o n w i t h i n each band i s completely described by a quasi-Fermi l e v e l p. This allows us t o analyse t r a n s i t i o n s between d i s l o c a t i o n bands r a t h e r than between s i n g l e d i s l o c a t i o n l e v e l s , using the general theory o f Landsberg 151.
I n our discussion we have t o consider t h r e e b a s i c a l l y d i f f e r e n t -t y p e s o f d i s l o c a t i o n bands :
i ) P a r t l y f i 1 l e d bands t h a t have t h e i r Fermi l e v e l p i n s i d e the band. W e denote these by the name H ( f o r h a l f f i l l e d , although occasionally the f i ll i n g may be a d i f f e r e n t f r a c t i o n o f u n i t y ) . The d i f e r e n t t y p e s a r e e x e m p l i f i e d i n a schem a t i c diagram ( F i g . 1) t h a t has been suggested as a model f o r n e g a t i v e l y charged d i s l o c a t i o n s i n Ge /2/.
The f u l l d i s l o c a t i o n band i n t h i s diagram i s c l o s e l y r e l a t e d t o t h e f r e e valence band s t a t e s and i t s empty s t a t e s may be considered as holes, bound b y t h e a t t r a c t i v e d i s l o c a t i o n p o t e n t i a l . A c t u a l l y t h e upper empty band (E) c o n s i s t s o f conduction band s t a t e s t u n e l i n g i n t o t h e r e p u l s i v e d i s l o c a t i o n p o t e n t i a l .
I t s lower edge i s t h e r e f o r e n o t q u i t e sharp b u t t h e t u n e l i n g p r o b a b i l i t y and thus, t h e m a t r i x element o f t r a n s i t i o n s t o o t h e r s t a t e s t h a t a r e l o c a l i s e d a t t r e a t t h e t u n e l i n g s t a t e s as a d i s l o c a t i o n band l i k e t h e bound s t a t e s .
F i g . 1 : Schematic model o f t h e l e v e l s a t a d i s l o c at i o n i n Ge, c a r r y i n g a n e g a t i v e l i n e c h a r g e . E, H and F a r e one dimensional bands. E c o n s i s t s a c t u a l l y o f t u n n e l i n g s t a t e s .
I n most experiments t h e bound h o l e s t a t e s and t h e t u n n e l i n g s t a t e s a r e i n thermal e q u i l i b r i u m w i t h t h e valence -and t h e conduction band r e s p e c t i v e l y , because t h e exchange o f c a r r i e r s w i t h these bands i s v e r y r a p i d /3/.
According t o Landsberg t h e t r a n s i t i o n r a t e o f 
ni i s t h e number o f e l e c t r o n s i n band i, p t h e j number' o f h o l e s i n band j and pi and p t h e respecj t i v e quasi-Fermi l e v e l s . I f t h e whole system i s i n thermal e q u i l i b r i u m p and pi a r e o f course equal t o j t h e Fermi l e v e l c. C.. can be expressed i n terms o f
J t h e d e n s i t i e s of s t a t e s Ni(€) and N i ( € ' ) i n t h e two d i s l o c a t i o n bands as
Where f i s t h e Fermi d i s t r i b u t i o n f u n c t i o n and n i , j (~,~' ) t h e quantum mechanical t r a n s i t i o n probab i l i t y between a l e v e l a t E i n band i and a 1,evel a t E ' i n band j.
We s h a l l c o n c e n t r a t e o u r d i s c u s s i o n m a i n l y on t h e f a c t o r
which has an e x p o n e n t i a l temperature dependence. Cij i s o b v i o u s l y c o n s t a n t i f n . . ( E , E ' ) i s independent 1 J o f E and E ' . However, t h e r e can be n o t i c e a b l e deviat i o n s from t h i s simple behaviour t h a t y i e l d an expon e n t i a l temperature dependence o f Ci as we1 1 /3/. 
I n a p a r t l y f i l l e d band we d e f i n e cR as t h e p o s i t i o n t h a t t h e quasi Fermi l e v e l would have i f t h e number o f e l e c t r o n s i n H were equal t o iH, t h e number i n thermal e q u i l i b r i u m . I f excess c a r r i e r s a r e p r e s e n t i n d i s l o c a t i o n s t a t e s , E,, experiences t h e same e l e c t r o s t a t i c s h i f t as a l l o t h e r d i s l o c at i o n l e v e l s . The p o s i t i o n o f t h e quasi Fermi l e v e l i s pH = E~ + AD, , , where ApH i s an a d d i t i o n a l s h i f t due t o t h e presence o f AnH excess e l e c t r o n s ( o r -ApH excess h o l e s ) i n H. For small AnH/" we use t h e expansion F o r t h e sake o f s i m p l i c i t y we s h a l l o f t e n r e f e r t o d i s l o c a t i o n bands and t o t h e valence and
t h e c o n d u c t i o n band as " l e v e l s " i n t h e f o l l o w i n g b u t
should keep i n mind t h e i r t r u e meaning and t h e d e f in i t i o n s g i v e n here.
3. D e f i n i t i o n o f t h e r a t e d e t e r m i n i n g t r a n s i t i o n . -F o r any system o f more t h a n two l e v e l s t h e r e a r e s e v e r a l p o s s i b l e p a t h s a l o n g which t h e recombination t a k e s p l a c e . F o r i n s t a n c e , an e l e c t r o n can proceed f r o m E t o F i n f i g u r e 1 through t h e sequence E-H-F
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b u t a l s o through E-F. However, s i n c e t h e t r a n s i t i o n r a t e s u s u a l l y have an e x p o n e n t i a l temperature dependence t h e r e e x i s t s ( w i t h v e r y few e x c e p t i o n s ) a p a t h t h a t i s , by f a r , t h e f a s t e s t one w h i l e recombination a l o n g a l l o t h e r s i s n e g l i g i b l e . The o n l y s y s t e m a t i c exemptions from t h i s r u l e a r e a few r a t h e r s h a r p l y d e f i n e d crossover temperatures where t h e system changes i t s recombination path.
L e t us c o n s i d e r now a steady s t a t e experiment i n which e l e c t r o n s and h o l e s a r e generated a t t h e same r a t e G i n t h e l e v e l s E, and r e s p e c t i v e l y and recombine v i a t h e s i n g l e ordered sequence E~, i = 1, ..., n. I n t h e steady s t a t e a l l r a t e s ri,itl i n t h i s p a t h must be equal t o G. S o l v i n g e q u a t i o n ( 1 ) w i t h j = i t 1 f o r vi tl -ui we o b t a i n :
Again t h e f a c t o r s Ci,i+lnipi+l a r e u s u a l l y exponent i a l f u n c t i o n s o f T so t h a t , a p a r t f r o m a few cross-
overs, one o f t h e values (Ci ,i+lnipi+l)-' i s = g r e a t e r than a l l t h e o t h e r s . L e t t h i s b i g g e s t v a l u e be assumed f o r i = k. We r e q u i r e now t h a t t h e generat i o n G i s "weak" enough so t h a t I L I~+~-~~ l<<! ci-ui l and Ipi+l-ui I<<\ ~~+~-p~~~ 1 w i t h t h e p o s s i b l e except i o n f o r i = k. Under these c o n d i t i o n s t h e system has
o n l y two s i g n i f i c a n t l y d i f f e r e n t q u a s i Fermi energ i e s :
A l l l e v e l s w i t h i ( k have t h e same q u a s i Fermi energy p k and t h e corresponding v a l u e f o r t h e l e v e l s w i t h i = k + 1, ..., n i s uktl. I n a d d i t i o n t o t h e l e v e l s i = 1, ..., n t h e r e may be "dead end" l e v e l s i = n t 1, ..., m t h a t exchange e l e c t r o n s w i t h one b u t only one o f t h e l e v e l s of t h e recombinatiqn p a t h .
The t r a n s i t i o n r a t e t o o r from such a l e v e l which i s c a l l e d a " t r a p " i n t h e t e x t books, must be e x a c t l y z e r o under steady s t a t e c o n d i t i o n s and t h e r e f o r e i t has t h e same quasi-Fermi energy as t h e recombination l e v e l w i t h which i t communicates. I n f i g u r e 2 we have i l l u s t r a t e d t h i s concept i n a schematic diagram o f f o u r recombination l e v e l s and one t r a p .
Schematic example o f a recombination path, i n v o l v i n g f o u r l e v e l s and a t r a p ( l e v e l 5 ) a t t a c h e d t o l e v e l 1. The r a t e d e t e r m i n i n g t r a n s i t i o n i s 2-3.
The t o t a l number o f excess e l e c t r o n s i s Antot = !Ani where t h e sum i s t a k e n over t h e l e v e l s 1 t o k and t h e t r a p s a t t a c h e d t o them. The t o t a l number of excess h o l e s i s Ap = An = : Api where now t h e sum i s t a k e n over t h e l e v e l s k = 1 t o n and t h e i r t r a p s .
I f t h e g e n e r a t i o n i s switched o f f , t h e l e v e l s w i t h a comnon Fermi l e v e l s t a y i n e q u i l i b r i u m and t h e recomb i n a t i o n process i s d e s c r i b e d by t h e simple r a t e e q u a t i o n which means t h a t t h e t r a n s i t i o n k + k t 1 i s r a t e d e t e r m i n i n g . T h i s h o l d s a l s o i f a t r a p i s present, u n l e s s t h e v a l u e (Ci,t ni -p t ) -' , i t s exchange w i t h t h e l e v e l i on t h e recombination path, happens t o be g r e a t e r than (Ck,ktl nk pktl)-l. I n t h e l a t t e r case t h e t r a n s i t i o n t + i becomes r a t e d e t e r m i n i n g a f t e r some time. However, a decay o f t h i s type seems t o be r a t h e r e x c e p t i o n a l and s h a l l n o t be considered f u r t h e r .
The s o l u t i o n o f e q u a t i o n ( 7 ) under t h e condit i o n s o f l i n e a r response i s an e x p o n e n t i a l decay w i t h a s i n g l e t i m e c o n s t a n t . Such a decay can be observed i n most experiments i f o n l y t h e g e n e r a t i o n i s made weak enough and whenever i t i s found, chances a r e v e r y good t h a t o u r approach i s v a l i d .
E v a l u a t i o n o f recombination times.-F o r an evaluat i o n o f t h e t r a n s i t i o n r a t e f a c t o r R i n e q u a t i o n ( 2 )
we use t h e i d e n t i t y p . 
The l a s t two-terms a r e t h e e l e c t r o s t a t i c s h i f t s o f E~ and E . which a r e approximately equal f o r a l l J d i s l o c a t i o n l e v e l s and t h e r e f o r e cancel each o t h e r .
I n s e r t i n g f o r uj -ui we o b t a i n :
We can express now t h e r a t e f a c t o r R i n terms o f e l e c t r o n -and h o l e d e n s i t i e s f o r any p a i r o f d i sl o c a t i o n bands, k and k t l , and e v a l u a t e t h e recombin a t i o n t i m e under t h e assumption t h a t t h i s p a r t i c ul a r p a i r i s r a t e determining. There a r e f i v e p o s s i b l e combinations o f which we have t o analyse t h e f o l l o wi n g t h r e e : i )
The upper band i s empty and t h e lower one p a r t l y f i l l e d .
i i ) The upper band i s empty and t h e l o w e r one f u l l . i i i ) B o t h d i s l o c a t i o n bands a r e empty.
The remaining combinations o f two f u l l bands and o f a p a r t l y f i l l e d and a f u l l band a r e o b t a i n e d f r o m i i ) and i i i ) i f t h e energy s c a l e i s i n v e r t e d
and e l e c t r o n s a r e exchanged f o r h o l e s and v i c e versa. 
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Ne s h a l l now discuss t h e cases i ) t o i i i ) i n t u r n : i ) Remembering t h a t E~ = u we o b t a i n from equations
_ i s -t h e -e l e c t r o n d e n s i t y i n t h e conduction band.
1 ; p-type m a t e r i a l we have REH = 6, , AnE, Antot = N An .(It exp ( z E -g c ) / k~ and t h e r e f o r e E r = (CE,HbH)-l(1tNc/NE ~X~( ;~-;~) / X T .
With cE-cC = (cE -cH) t ( E~ -E~) -E~ the second term i n t h e brackets can be transformed t o (NcNV/ NE$) exp((EE-gH) -cG)/kT). ' E ,HPH~E Pv Equations ( l l a ) and ( l l b ) hold i f t h e excess minor i t y c a r r i e r s ( e l e c t r o n s ) are trapped i n the Eband o r r e s i d e i n the conduction band r e s p e c t i v e l y . i i ) To d i s t i n g u i s h the energy l e v e l s involved i n the t r a n s i t i o n E-F from those o f the process E-H we use now the symbols qE and nF. The analysis proceeds as under i :
and, using the same algebra as before, we obtain t h e f o l l o w i n g recombination times. I n n-type mat e r i a l :
i n p-type m a t e r i a l :
Again equations (12a) and (13a) and EE by cE1/ Therefore t h i s process i s h a r d l y d i s t i n g u i s h a b l e from "E-H".
. Trapping.-W e know t h a t most d i s l o c a t i o n s i n semi-
conductors are dissociated and we have t o expect t h a t each p a r t i a l has i t s own spectrum o f energy l ev e l s . Therefore we have t o consider the possibi 1 i t y t h a t recombination takes place a t one p a r t i a l w h i l e t h e other one a c t s as a t r a p . The case o f i n t e r e s t i s the combination o f a H-band, together w i t h F and E, a t one p a r t i a l andan E-and an F-band w i t h a gap between oE and qF a t the o t h e r one. Excess m i n o r i t y c a r r i e r s t h a t want t o recombine v i a l e v e l cr a t one d i s l o c a t i o n can be trapped i n a l e v e l E~ a t t h e o t h e r p a r t i a l . E can t r a p electrons, F can t r a p holes and H can t r a p e l e c t r o n s and holes I f ct and E , are i n thermal e q u i l i b r i u m , as they must be under steady s t a t e conditions, the f r a c t i o n o f c a r r i e r s i n er i s The expressions i n the brackets e n t e r t h e correspond i n g recombination times as f a c t o r s .
Obviously hole traps are i n e f f i c i e n t i f ct i s below cr because otherwise (Nt/Nr)exp(ct-cr)/kT<<l.
On the other band, qF must be below cH. Therefore there i s no e f f e c t o f trapping by the F-band a t nF i f , i n n-type m a t e r i a l , the process E-H i s r a t e determining. The same holds f o r p-material and the process H-F. provided t h a t cE i s above nE and E-H the r a t e determining t r a n s i t i o n . As an example we have i l l u s t r a t e d t h i s case i n f i g u r e 3.
F i g . 3 : Model o f recombination and trapping a t a dissociated d i s l o c a t i o n . I n t h i s example o f p-type m a t e r i a l the r a t e determining t r a n s i t i o n could be from cE t o uH w h i l e most excess e l e c t r o n s are stored a t uE. have been discussed. Qi . t u r n s o u t I ,j 1 J t o be small b u t n o t n e g l i g i b l e ( o f the order o f 0.1 eV). The columns o f t h i s t a b l e r e f e r t o t h e r a t e determining t r a n s i t i o n s "E-F", "E-H" and "H-F1' . The expressions under "H-F" can be obtained w i t h o u t c a lc u l a t i o n from "E-H" by the conversion o f e l e c t r o n s and holes. The l i n e s a, b and c r e f e r t o the corresponding l e t t e r s a t equations (10a) i n Ge from photoconductivity measurements : I n a p l o t o f T versus t h e photon energy hv t h e r e i s , a t low temperatures, a step a t hv z 0.45 t o 0.5 eV w i t h t h e higher value o f T above 0.5 eV /6/. Obviously t h i s must correspond t o a change o f the recombination p a t h e i t h e r from "H-F" t o "E-H" o r from "H-F" t o "E-F", because E stays empty and cannot be on the recombination path f o r small phtoon energies. This holds f o r n-and p-material. For the higher photon energies the a c t i v a t i o n energy i s Q = 0.4 t o 55 eV i n n-Ge and Q around 0.25 eV i n p-Ge.
From other experiments we know t h a t a H-band e x i s t s /7,8/ so t h a t f o r the path "E-F", H-trapping must be expected. The d i f f e r e n c e o f Q i n n-Ge and p-Ge then r u l e s o u t the path "E-F" because i t would y i e l d t h e same a c t i v a t i o n energy f o r n-Ge and p-Ge.
Consequently the recombination must be "E-H". The a c t i v a t i o n energy o f 0.25 eV i n p-Ge appears t o be t o o h i g h t o be accounted f o r by QE,H alone. Theref o r e l i n e "c" i n t h e lower h a l f o f column "E-H" i s more l i k e l y than l i n e "a". A t higher temperatures the a c t i v a t i o n energy i s o f the order o f -0.22.eV i n p-Ge and n-Ge. Obviously t h e l i n e s "b" apply t o t h i s case. With the outside i n f o r m a t i o n t h a t (cH -E~) z 0.1 eV /7/ we can r u l e out column "H-F". Table I 
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